Microsatellite variation and population structure of a recovering tree frog (Hyla arborea L.) metapopulation by Arens, P.F.P. et al.
Microsatellite variation and population structure of a recovering Tree frog
(Hyla arborea L.) metapopulation
Paul Arens1,*, Rob Bugter2, Wendy van’t Westende1, Ronald Zollinger3, Jan Stronks4,
Claire C. Vos2 & Marinus J. M. Smulders1
1Plant Research International, Wageningen University and Research Centre, P.O. Box 16, NL-6700 AA,
Wageningen, The Netherlands; 2Landscape Centre, Alterra, Wageningen University and Research Centre,
P.O. Box 47, NL-6700 AA, Wageningen, The Netherlands; 3RAVON, P.O. Box 1413, NL-6501 BK,
Nijmegen, The Netherlands; 4Staring Advies, Hummeloseweg 85, NL-7021 KN, Zelhem, The Netherlands
(*Corresponding author: Phone: +31-317476966; Fax: +31-317418094; E-mail: paul.arens@wur.nl)
Received 8 July 2005; accepted 29 December 2005
Key words: bottleneck, genetic diversity, habitat fragmentation, molecular marker, SSR
Abstract
Numbers and sizes of populations of the European tree frog in The Netherlands have dramatically
decreased in the second half of the last century due to extensive habitat destruction and fragmentation. We
have studied the genetic structure of a slowly recovering meta-population. Strong genetic diﬀerentiation,
estimated at eight microsatellite loci, was found between clusters of populations (Fst-values above 0.2).
Within clusters, consisting of ponds within a radius of about 5 km, European tree frog populations were
less diﬀerentiated (Fst<0.08) and exact tests showed that most of the ponds within clusters were not
signiﬁcantly diﬀerentiated. Although local population sizes have been increasing since 1989, and some new
ponds have been colonised in the direct vicinity of ponds that have been populated continuously, little
evidence for gene ﬂow between clusters of ponds was found (only one exception). Furthermore, levels of
genetic diversity were low compared to populations in comparable areas elsewhere in Europe. Therefore, a
continuous conservation eﬀort is needed to prevent any further loss of genetic diversity. The alleviation of
important barriers to dispersal between the clusters should be given a high priority for the restoration of the
meta-population as a whole.
Introduction
Successive worldwide counts of amphibian popu-
lations show, in general, a steady decline (Houla-
han et al. 2000; Stuart et al. 2004). Probably one
of the most important factors in industrialised
regions has been habitat destruction, so that a
large proportion of the aquatic and terrestrial
habitat disappeared or became of marginal quality
(Semlitsch 2000). This has led to increased frag-
mentation of habitat (Gibbs 1998) and amphibian
populations have often become separated by
intensively used agricultural landscapes and other
barriers. Because of the increased landscape resis-
tance to dispersal and the increased distances
between populations due to the loss of breeding
ponds, gene ﬂow between populations is likely to
be seriously reduced. Combined with lower pop-
ulation sizes, due to deteriorated habitat quality,
amphibian populations may suﬀer from decreased
levels of genetic diversity and subsequent increased
expression of inbreeding depression, (e.g. due to
higher probabilities of ﬁxing deleterious muta-
tions; Frankham 1995).
One of the amphibian species that is suﬀering
severely from habitat loss and fragmentation in
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The Netherlands is the European Tree frog (Hyla
arborea L.). H. arborea belongs to the family
Hylidae which is one of the largest and widely
distributed families of anurans, with 48 genera and
over 800 species found throughout the Americas,
Europe, northern Asia and Africa. The European
tree frog inhabits almost all of Europe and it is the
only native tree frog in The Netherlands. The
north-western species range of the European tree
frog runs through The Netherlands, limiting its
distribution to the Eastern and Southern part of
the country. European tree frogs are highly vagile
species that have speciﬁc ecological requirements
for their breeding ponds and land habitat. Possi-
bly due to their life history traits and to the
ecological restrictions on pond quality and land
habitat, the species responded very quickly to the
sharp decrease in habitat.
Whereas in the recent past the species was
rather common in the Netherlands, around 1970
European tree frogs were threatened with extinc-
tion and could only be found in four relatively
small and isolated areas (Stumpel and Hanekamp
1986; Zollinger 2004). For the European tree frogs
occurring in one of these areas, in the western part
of the country (Sealand Flanders), it was estab-
lished that the species indeed suﬀered from habitat
fragmentation. Species occurrence was correlated
to the amount of terrestrial and aquatic habitat in
the pond surroundings (Vos and Stumpel 1996).
The probability of extinction of a local population
depended on pond size and the amount of suitable
terrestrial habitat in the pond surrounding, while
the colonisation probability depended on the
number of ponds in its vicinity (Vos et al. 2000).
Capture–recapture data showed that European
tree frogs can disperse for distances of 10–
12 km, although distances larger than 4 km are
rare (Stumpel & Hanekamp 1986; Fog 1993). It
was also shown that European tree frogs have a
high preference to disperse to already occupied
ponds, ignoring unoccupied ponds at closer
ranges due to social attraction (Vos et al. 2000).
It is yet unclear across which distances a net-
work of local populations is eﬀectively connected
by dispersal.
A second area where the European tree frog
still occurs is the Achterhoek in the eastern part
of the country, where the number of ponds with
more than 20 calling males diminished to only
4 ponds around 1980 (Stronks 2000). From then
on, a series of conservation activities has slowly
improved conditions which led to increasing pop-
ulation sizes and the re-colonisation of other
ponds, including some that were newly created or
restored (Crombaghs and Lenders 2001).
In 1998 a survey was made of all potential
breeding ponds in this area and samples were taken
from 12 ponds where spawning was observed.
These included the four ponds from which histor-
ical population data indicated a continuous pres-
ence and which are being considered as possible
source populations of the surrounding ponds. The
aim of the present study was to analyse the genetic
variation within and among the populations in this
area in order to:
1. Test whether the habitat fragmentation has had
an eﬀect on population diﬀerentiation as an
estimate of isolation between populations.
2. Verify the source population for the newly
occupied ponds.
3. Estimate the level of gene ﬂow within and
between clusters of ponds using an assignment
test.
In addition, we discuss the eﬀect of the bot-
tleneck on genetic diversity by comparing the ge-
netic diversity in this area with data from other
study areas across Europe. These analyses were
used to infer conservation priorities for the species
in this area.
Material & methods
Sampling localities and microsatellite typing
The study was conducted in the eastern part of the
Netherlands (Figure 1) in the province of Gelder-
land (Achterhoek area). Sampling was carried out
during the breeding season of 1998. In total, tail
samples were collected from 175 tadpoles from 12
ponds divided over 5 clusters (Table 1). Observa-
tions by Stumpel and Hanekamp (1986) and Fog
(1993) indicated that European tree frogs rarely
migrate more than 4 km in agricultural land-
scapes, although migration over more than 10 km
has been recorded occasionally. Therefore, we
initially grouped the sampled ponds into ﬁve
clusters based on geographic distances between
ponds, as Andersen et al. (2004) had previously.
We refer to the samples from one pond as a
‘population’, and to ponds within a 4–5 km radius
around possible source populations as a ‘cluster’
of populations. The distance between ponds varied
from 1.2 km (T1 to T4) to 24.1 km (T2 to V4).
Sample sizes ranged from 14 individuals in a single
pond cluster to 56 individuals in a cluster con-
sisting of 3 ponds.
Figure 1. Study area showing distribution of ponds, roads and cities in the study area (pond T5, north between T1 and T3; not
indicated).
Table 1. Levels of genetic variation and population sizes
Cluster Pond Population He mean Fis mean Nem
b M ratio p(M) Nsampled
R Roeterinksbroek* R1 0.561 )0.095 31.5 0.792 0.107 23
Wanninkhof R2 0.386 )0.279 2.0 0.766 0.051 11
Total 0.533
T Vleer T1 0.536 )0.160 7.33 0.649 0.003 8
Brummelman T2 0.546 )0.270 10 – – 9
Oost Teeselinkven* T3 0.570 )0.107 26.7 0.713 0.016 13
Kieftendijk T4 0.576 )0.080 5.9 0.667 0.004 17
Needse Achtervelda T5 – – – – – 2
Total 0.592
V Vildersveen* V1 0.555 )0.038 42.7 0.746 0.036 34
Boerderij Maandag V2 0.555 0.123 6.08 0.600 0.001 12
Stuive zand V4 0.581 )0.088 8.12 0.688 0.007 10
Total 0.577
W Waterster* W 0.438 )0.145 26.22 0.628 0.002 22
L Laarbraakweg L 0.515 )0.090 6.06 0.682 0.008 14
*Ponds that were already occupied in 1985 and which are suspected to have functioned as source populations.
aPopulation size too small for analysis, genotypic data only used in assignment tests and whole cluster parameters.
bHarmonic mean of calling males for the populations from 1985 until 1997; for T2 only the estimated number of calling males in 1998 is
given.
Population size of the European tree frog may
vary across years. Grid surveys have indicated a
severe decrease of 70% in European tree frog
presence with the lowest numbers of occupied
grids between 1970 and 1985. Estimates of the
number of calling males (Nem) per pond, as an
indication of population size, were available from
1985 onwards (Stronks 2000), except for the pop-
ulation in pond Brummelman (T2), which was
counted only in 1998. The number of calling
males, Nem, used here is the harmonic mean of
calling males from 1985 onwards.
DNA was extracted from samples using a
standard phenol–chloroform protocol (Sambrook
et al. 1989). Eight previously described microsat-
ellite markers WHA5-22A, WHA5-201, WHA1-
60, WHA1-104, WHA1-09, WHA1-20, WHA1-25
and WHA1-140 were used to genotype each indi-
vidual (Arens et al. 2000). Genotyping was either
done using silver staining detection as described by
Arens et al. (2000) or using an ALF express DNA
sequencer (Pharmacia; see Bredemeijer et al. 1998
for details).
Data analysis
Unless stated otherwise, analyses were performed
using Fstat 2.93 (Goudet 1995). For analyses
involving multiple comparisons the critical prob-
ability for each test was adjusted using the
sequential Bonferroni correction (Rice 1989).
Population genetic parameters were calculated for
ponds and for the clusters of ponds. Genetic
diversity was estimated as allelic richness (number
of alleles per locus standardised to smallest num-
ber of individuals, El Mousadik and Petit
(1996)) for each cluster, and as observed (HO) and
expected (HE) heterozygosities within ponds.
Evidence of linkage disequilibrium was assessed
using Markov chain approximations (Guo and
Thompson 1992). Similarly, deviations from
Hardy–Weinberg equilibrium were tested in
TFPGA (Miller 1997) for each locus and popula-
tion separately.
The level of population diﬀerentiation was
quantiﬁed using the FST-estimator of Weir and
Cockerham (1984). Similarly, FSC, the level of
diﬀerentiation between populations within clus-
ters, and FCT, the level of diﬀerentiation between
clusters, were estimated. Signiﬁcances of pairwise
population diﬀerentiations were tested using the
log-likelihood statistic G (Goudet et al. 1996).
Partitioning of genetic diversity through AMOVA
was performed using Arlequin (available from
http://www.anthro.unige.ch/arlequin).
An estimate of the number of subpopulations
represented in the samples was made using the
program STRUCTURE (Pritchard et al. 2000),
run without prior population information. This
program uses a Markov chain Monte Carlo
(MCMC) method that clusters individuals to
minimise Hardy–Weinberg disequilibrium and
linkage disequilibrium between loci. Runs were
performed with a burn-in length of 10,000 and a
MCMC of 100,000 and 5 runs were performed
for each K. The range of possible Ks tested was
from 1 to 12. The assignment results derived from
STRUCTURE were compared with other
assignment tests; Doh (Paetkau et al. 1995; pro-
gram available at http://www.2.biology.ualber-
ta.ca/jbrzusto/Doh.php) and Geneclass (version 2,
Piry et al. 2004), as suggested by Pearse and
Crandall (2004). Finally, a STRUCTURE model
was used incorporating the assigned populations
and using the USEPOPINFO option of the pro-
gram. In this analysis the putative migrants were
implemented as learning samples without prior
population information to provide probabilities
associated with these samples. Evidence of a
recent population bottleneck was assessed for
each population with BOTTLENECK (Cornuet
and Luikart 1997) using the Wilcoxon signed-
rank test and the recommended TPM mutational
model (variance 30, probability 70%). A quali-
tative descriptor of the allele frequency distribu-
tion (mode-shift indicator) was also used to detect
evidence of bottlenecks (Luikart et al. 1998).
Given the reduced sample sizes, the bottleneck
analysis is supplemented with the ‘‘M ratio test’’
of Garza & Williamson (2001). This method
examines the mean ratio of the number of
microsatellite alleles to the range in allele size, a
fraction shown to be smaller in bottlenecked
populations. Similarly to Andersen et al. (2004),
the percentage one-step mutations was set to 80%
whereas the average size of non-one-step muta-
tions was the recommended 3.5.
A relationship between genetic diﬀerentiation
and geographical distance among pairwise com-
parisons of populations was tested using Mantel’s
procedure with 5000 permutations of the data
using Genstat (Payne et al. 1993).
Results
All 8 microsatellite loci were polymorphic and the
total number of alleles varied from 2 to 10. Only
one locus (WHA5-22) was monomorphic in one
population (R2). Out of a total of 50 alleles de-
tected across the loci, 8 were unique for 1 cluster,
of which 5 were found in only 1 population.
Expected heterozygosity values per population
ranged from 0.386 in R2 to 0.581 in V4 (Table 1,
only means over all loci are given). Surprisingly
the overall FIS (within population inbreeding level)
was negative and highly signiﬁcant (FIS=)0.071;
99% C.I. )0.02 to )0.16) indicating a slight overall
surplus of heterozygotes compared to expecta-
tions. Genetic diversity estimated as the allelic
richness within clusters varied from 1.9 to 6.0
(Table 2).
A deviation from Hardy–Weinberg equilib-
rium, indicating a heterozygote deﬁciency, was
observed in only 1 out of 88 tests at the single
locus level (population W at locus WHA 1-25)
after applying sequential Bonferroni corrections
(a ¼ 5%).
Across all populations, pairwise FST levels
ranged from no diﬀerentiation between two pop-
ulations from one cluster T (T3 and T2) to as high
as 0.36 between populations R2 and V4 (Table 3).
Diﬀerentiation among the ﬁve clusters was strong
(FCT=0.18, see also Table 4) with high divergence
among pairs of clusters (pairwise FCT levels rang-
ing from 0.07 to 0.29). Levels of diﬀerentiation
between populations within the same cluster were
low (FSC=0.04, 2.9% of the total variance;
Table 4). An exact test for population diﬀerentia-
tion indicated that none of the populations within
a cluster were signiﬁcantly diﬀerentiated from each
other, with the exception of populations R1 and
R2 (Table 3). Furthermore, population L did not
signiﬁcantly diﬀerentiate from its nearest neigh-
bour population V2 in cluster V (only 4.4 km
apart), although this could be due to the small
sample sizes from these two populations.
The number of subpopulations (k) was esti-
mated using STRUCTURE (Pritchard et al. 2000).
The likelihoods obtained suggest that within the
samples seven genetically distinct groups can be
identiﬁed (k=6, Ln=)2917; k=7, Ln=)2880;
k=8, Ln=)2902; average result of multiple runs).
The identiﬁed groups and the mean individual
admixture proportions (q mean) are given in
Table 5. For each individual the proportion of
admixture to the diﬀerent groups was estimated.
Individual admixture proportions indicated that,
individuals from clusters R and W each form a
distinct group. Individuals from cluster T showed
admixture between two groups indicating the
presence of two groups whereas admixtures of
individuals from the combined clusters L and V
indicate three groups. For seven individuals the
largest proportion of their admixed genotype as-
signed them to one of the other clusters (Table 5).
This may indicate these individuals are possible
migrants. Four of those individuals were also as-
signed to the same cluster by either Doh or Gene-
class or both (marked separately in Table 5). In
total for all 3 methods combined, 11 individuals
were assigned outside their cluster of origin, of
Table 2. Allelic Richness per marker and per cluster (rarefaction for clusters=14)
Marker Cluster Total
R T V W L
HA5-22 2.0 2.0 2.0 2.0 2.0 2.0
HA5-20 3.0 3.0 3.8 2.0 2.0 3.3
HA1-60 4.3 5.3 3.8 2.6 4.0 6.2
HA1-104 2.7 3.8 3.8 1.9 3.0 4.4
HA1-09 5.9 5.4 5.1 4.7 6.0 6.3
HA1-20 2.0 3.0 3.6 2.0 3.0 3.2
HA1-25 4.8 4.4 5.1 4.0 4.0 6.4
HA1-140 4.4 3.5 5.0 5.5 5.0 6.6
Private allelesa 1 3 3b 1 0b 8
aAllele frequencies of private alleles range between 0.011 and 0.128, mean 0.054.
bIn addition to the eight private alleles, one allele was found only in the clusters V and L.
which 6 were assigned by at least 2 of the 3 meth-
ods. Analysis, using STRUCTURE with the as-
signed populations as prior population
information and the seven putative migrants from
the initial STRUCTURE analyses as learning
samples (see Pritchard et al. 2000 for details),
showed very low admixture probabilities to any of
the inferred populations.
Evidence for population bottlenecks was as-
sessed using three methods. There was evidence for
a ‘mode-shift’ in the allele frequency distribution
(see Luikart et al. 1998) indicating a possible
bottleneck in all populations, except for popula-
tions R1, T1, V1, W and L. For three of these
populations (R1, V1, and W) it was known that
the ponds have been occupied for a very long time.
These are also the populations that were sus-
pected, by species specialists, to have functioned as
source populations from which other ponds have
been colonised. For population L this was uncer-
tain. However, the results must be considered with
caution as this method is qualitative (Luikart
et al. 1998) and sample sizes were smaller than the
30 individuals recommended for the analysis.
Putative bottlenecks were also assessed using the
Wilcoxon signed-rank test. Using this test a sig-
niﬁcant population bottleneck was observed in
populations T2 and V4 after sequential Bonferroni
correction (a ¼ 5%). Analysis using the ‘‘M ratio
test’’ of Garza and Williamson (2001) showed that
a signiﬁcant population bottleneck (signiﬁcant at
5% level after sequential Bonferroni procedure)
may be observed in the six populations T1, T4, V2,
V4, W, and L, whereas this was not detected in the
population R1, R2, T3 and V1 (see Table 1).
A signiﬁcant correlation (Mantel’s test, P=
0.0195) was found between the pairwise genetic
and geographic distances across all populations
explaining as much as 34.5% of the total variation
(Figure 2). The scatter plot shows that the level of
population diﬀerentiation increases up to 15 km,
but at larger geographical distances (notably pairs
of populations from the clusters T and V) pairwise
FST is relatively low.
Discussion
We studied a European tree frog population
network which was recovering from a severe
Table 3. Pairwise FST values between populations and the signiﬁcance of population diﬀerentiation (all signiﬁcant unless indicated)
R1 R2 T1 T2 T3 T4 V1 V2 V4 W
R2 0.0748
T1 0.2634 0.321
T2 0.2188 0.2719 0.0080*
T3 0.2124 0.2607 0.0269* )0.0063*
T4 0.1931 0.2202 0.0596* 0.0331* 0.0205*
V1 0.2566 0.3108 0.0890 0.1839 0.1519 0.1416
V2 0.2447 0.3205 0.1127 0.2177 0.1812 0.1572 0.0172*
V4 0.2478 0.3642 0.1429 0.2127 0.1899 0.1821 0.0284* 0.0137*
W 0.2158 0.2806 0.3054 0.3080 0.2900 0.3034 0.2457 0.2450 0.2755
L 0.2693 0.3584 0.1218 0.2068 0.1667 0.159 0.0878 0.0527* 0.0906 0.2762
*No signiﬁcant population diﬀerentiation (P=0.05).
Table 4. Nested Analysis of Molecular Variance (AMOVA) indicating partitioning of genetic diversity
Source of variation d.f. Sum of squares Variance components Percentage of variance
Among clusters 4 160.631 0.52628 18.84
Among populations within clusters 7 28.819 0.08195 2.93
Within populations 338 738.685 2.18546 78.23
Statistics include sums of squared deviations (SSDs), variance component estimates, the percentage of the total variance contributed by
each component (%), and ﬁxation indices at each level.
*All indices are highly signiﬁcant; the probability (P) of obtaining a more extreme component estimate by chance alone = <0.001
(using 1000 randomisations).
bottleneck, with the lowest population sizes in the
years before 1985 when monitoring of the number
of calling males per population started. Conser-
vation measures to improve conditions for the
European tree frog have been implemented in the
study area by creating or restoring ponds and by
restoring suitable terrestrial habitat. Suitable ter-
restrial habitats for the European tree frog are
mainly, sun exposed forest edges, hedgerows and
ﬁeld margins, with a well developed herb layer
(especially bramble). These types of landscape
elements have also been used in creating corridors
between habitats for dispersal. Restoration pro-
jects aimed at increasing both water and terrestrial
habitat by creating or restoring clusters of three
prime habitats (reproductions ponds of 1000–
2000 m2 that are optimal for the demands of the
European tree frog and at least 10% of optimal
terrestrial habitat in the direct vicinity of ponds) in
combination with at least ﬁve smaller habitats in
an area of 100 ha. Population sizes within all
ponds, as well as the number of occupied ponds,
have increased slowly in the last 20 years. We
compared samples taken from ponds thought to
have been continuously occupied since 1985
(where the harmonic means of calling males were
above 20) with ponds that were re-colonised after
1985. In some of the restored ponds a very small
population may have gone undetected in the ﬁrst
years of monitoring, in which case they would
classify as partly independently recovered. We
studied the genetic structure across these popula-
tions to analyse their mutual relationships and
assess which population acted as source popula-
tions for re-colonisation. Furthermore, we com-
pared the gene diversity found in our study
populations to those of other, less bottlenecked
populations in Europe.
Sampled populations were grouped into ﬁve
clusters based on geographic distances between
ponds. This clustering was largely conﬁrmed by
the analysis of population diﬀerentiation although
population L was not signiﬁcantly diﬀerentiated
from population V2, and population R2 was dif-
ferentiated from R1. The level of population dif-
ferentiation observed indicates that populations in
the diﬀerent clusters are considerably isolated
from each other. Population diﬀerentiation was
mainly due to diﬀerences in allele frequencies.
Most private alleles were found in clusters V and
T, which in the period shortly after 1985 recoveredT
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much more quickly, and showed larger population
sizes and numbers of occupied ponds compared to
the other clusters. Our data suggest that these two
clusters were able to retain more of their genetic
diversity compared to the other clusters, and are
consistent with the lower levels of population dif-
ferentiation between populations of these two
clusters.
Results from STRUCTURE indicated that
ponds R1 and R2 belong to the same subpopula-
tion. If this is correct, the signiﬁcant diﬀerentiation
between these two ponds in the exact test for
population diﬀerentiation could be the result of a
founder eﬀect for R2. This is supported by the
observation that alleles found in R2 are also the
alleles with the highest frequencies in R1. Founder
eﬀects are also likely to have caused the mode-
shifts (Luikart et al., 1998) in allele frequencies
observed in this and other populations that were
(re)-colonised in the last 20 years, or that are
suspected to have been restocked by one of the
larger populations. It is at present unclear how the
STRUCTURE program behaves in cases of high
gene ﬂow between populations (Pearse and Cran-
dall 2004), but the suggested presence of two and
three hypothetical populations within the clusters
T and V (including L), respectively, does not
conﬂict with historical data on the number of
ponds that were occupied in separate clusters from
1985 onwards. It could mean that the ponds do
exchange individuals, but have remained geneti-
cally distinct.
Is this level of population diﬀerentiation nor-
mal for the European tree frog? The only compa-
rable study of population structure in the
European Tree frog (Andersen et al. 2004) pro-
duced similar FST values. However, since the range
of distances between their ponds was almost twice
that of our study (1.1–43.2 km versus 1.2–24.1 km
here), the isolation between ponds in our land-
scape appears to be higher. The FST values we
found are also high compared to other amphibian
studies (see Newman and Squire 2001). The mean
heterozygosity levels in our study area (0.39–0.59),
except for populations R2 and W, are slightly
higher than those found by Andersen et al. (2004)
for the Danish European tree frog populations
(0.35–0.53) and by Newman and Squire (2001) for
the common and widespread Rana sylvatica (0.44–
0.50), but lower than the formerly widespread
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Figure 2. Scatter plot of pairwise genetic and physical distances.
Litoria aurea (Burns et al. 2004; 0.43–0.82) that
has undergone a dramatic population decline
during the last 30 years.
The ‘‘M ratio test’’ of Garza and Williamson
(2001) may be the most suitable test for inferring
population bottlenecks from our data, given the
reduced sample sizes in a number of populations.
Using this test, a signiﬁcant population bottleneck
was indicated in six populations, but not in three
of the four populations (R1, T3, V1) for which the
number of calling males in 1985 was above 20 and
for which the Nem values showed the highest val-
ues, and not in R2 (the satellite population of R1).
Although for the latter populations no bottleneck
could be detected considerable genetic diversity
may still have been lost in the past.
Allelic diversity may be more sensitive to bot-
tlenecks and to the loss of genetic diversity com-
pared to expected heterozygosity (Spencer et al.
2000). Arens et al. (2000) already noted the pres-
ence of markedly higher numbers of alleles in a few
Croatian European tree frogs compared to a
Dutch sample of European tree frogs. A compar-
ison of the allelic diversity of populations in this
study to those of European tree frog populations
in Denmark, which have suﬀered much less frag-
mentation (L. Andersen, personal communica-
tion), and to populations in Switzerland, which
also suﬀered less from fragmentation (S. Dubey,
personal communication), was possible because
seven of the 15 microsatellite loci described by
Arens et al. (2000) were used in all three studies.
Allelic diversity in the Swiss populations was
higher (>0.3 diﬀerence) than those of Dutch pop-
ulations for four out of the seven markers, whereas
in two markers the allelic diversity in the Dutch
populations was higher. In the Danish European
tree frog populations, conservation status was
considered favourable when Nem>50 and
increasing or when Nem>500 (Andersen et al.
2004). We compared our population data on allelic
diversity to Danish samples from both bottlenec-
ked and favourable populations. Allelic diversity
estimated for the combined populations in our
study area was lower than for the large, favourable
Danish population at Barbrekaer (Nem  500),
but also lower for example, than the bottlenecked
population at Agerholm (Nem  7) in 5 out of the
7 microsatellite markers studied (total summed
diﬀerence 7.7), even though the rarefaction used to
calculate allelic richness in this comparison was
higher in the Dutch population. The study of
Andersen et al. (2004) showed a correlation
between the level of genetic diversity in popula-
tions and ﬁtness, measured as larvae survival in
populations. The genetic diversity of populations
in our study as a whole is comparable to those
populations for which Andersen et al. (2004)
found a decreased ﬁtness and increased larval
mortality. Therefore, ﬁtness of the Dutch popu-
lations may also have been lowered. This raises
concern for the long-term viability of the popula-
tions in our Dutch study area and warrants further
research. At the very least, further loss of genetic
diversity should be avoided.
Conservation measures over the last 20 years,
aiming at improving pond quality, restoring ter-
restrial habitat and increasing pond densities, have
resulted in a slow increase of the local population
numbers and in re-colonisation of local popula-
tions. Colonisation of ponds in the periphery of
the clusters has been observed (especially in the
clusters V and T), but the high diﬀerentiation
between clusters found in this study indicates that
dispersal between clusters is rare. Assignment tests
showed some cross-assignments; these may indi-
cate gene ﬂow between clusters, but alternatively
they may also be due to individuals having geno-
types with common alleles, in which case there is
no sign of dispersal among clusters of ponds. The
latter possibility is supported by the low assign-
ment probabilities for the putative migrants in the
STRUCTURE analysis using the assigned popu-
lations as prior information and by the genetic
isolation of population W. This population has a
crucial geographic position as a potential stepping
stone between cluster V to the South and clusters
R and T in the North, but its genetic distinction
from all other clusters suggests no appreciable
level of actual gene ﬂow. Consequently, future
conservation actions should focus on the
improvement of connectivity between clusters, by
restoring dispersal corridors and creating stepping
stone habitats between the clusters. Enlarging the
pond network to obtain a functional metapopu-
lation connected by dispersing individuals across
the clusters has several conservation advantages. A
fully restored metapopulation would increase
long-term survival probabilities of the European
tree frog on a regional level (Etienne et al. 2004).
Improving connectivity between clusters would
also avoid further loss of genetic diversity by
facilitating gene ﬂow and may partly mitigate the
possible (ﬁtness-related) consequences of low
genetic diversity in the local population clusters.
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